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Abstract
The sugarcane borer moth, Diatraea saccharalis, is widespread throughout the Western Hemisphere, and is considered an
introduced species in the southern United States. Although this moth has a wide distribution and is a pest of many crop
plants including sugarcane, corn, sorghum and rice, it is considered one species. The objective was to investigate whether
more than one introduction of D. saccharalis had occurred in the southern United States and whether any cryptic species
were present. We field collected D. saccharalis in Texas, Louisiana and Florida in the southern United States. Two molecular
markers, AFLPs and mitochondrial COI, were used to examine genetic variation among these regional populations and to
compare the sequences with those available in GenBank and BOLD. We found geographic population structure in the
southern United States which suggests two introductions and the presence of a previously unknown cryptic species.
Management of D. saccharalis would likely benefit from further investigation of population genetics throughout the range
of this species.
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Introduction
The sugarcane borer, Diatraea saccharalis (Fabricius) (Lepi-
doptera: Crambidae), is widely distributed in the Western
Hemisphere throughout much of South America, Central
America, the Caribbean, and the southern United States [1,2,3].
The native range of the sugarcane borer is uncertain, as the species
has been collected throughout the neotropics on a number of host
plants. The wild host plants of D. saccharalis are numerous [1,4]
and include some aquatic and riparian species [4,5]. Cultivated
host plants of D. saccharalis include crops such as sugarcane
(Saccharum spp), corn (Zea mays L.), sorghum (Sorghum bicolor L.)
and rice (Oryza sativa L.) [6,7]. In the southern United States, D.
saccharalis is considered an introduced insect pest [8,9]. Diatraea
saccharalis was first reported as a pest in Louisiana around 1854
[10] and was presumed to be introduced from Hispaniola with the
introduction of sugarcane [11]. Subsequently, the moth became a
pest in Florida in the 1920s and in Texas in 1972 [12,13,14,15].
The damage caused by D. saccharalis larvae feeding in its
cultivated host plants includes a decrease in plant sugar content
and crop yields, reduction of plant biomass, and increased
susceptibility to plant pathogens by providing points of pathogen
entry [8,16,17,18,19,20].
Although D. saccharalis has a broad geographic distribution in
addition to a wide host plant range [1,4], it is treated as a single
species. Few studies have investigated the existence of cryptic
species or the population genetics of this insect [1,21]. Often
species with a widespread distribution warrant further investiga-
tion to determine whether they are truly one species [22], or
instead consist of a species complex. In addition, this insect may
have been moved throughout the Western Hemisphere due to
movement of its host plants, and more than one genotype of D.
saccharalis may have been introduced into the southern United
States. Genetically distinct populations of insects can vary in their
susceptibility to natural enemies and other control tactics [23,24].
Determining the population structure of this insect in the southern
United States could contribute to its management as well as help
identify future introductions and their likely region of origin.
Identification of Diatraea species relies on morphological
identification as there have been few genetic or molecular studies
focusing on D. saccharalis [1,21,25,26,27,28,29]. An electropho-
retic comparison of enzymes of D. saccharalis populations from
Louisiana, Mexico, and Brazil found a Nei’s genetic distance of
0.23 between the Brazilian population and those from Texas and
Louisiana, while the genetic distance between the Mexico and
Louisiana populations was only 0.02 [21]. Examination of
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mitochondrial DNA CO II sequences from D. saccharalis
populations throughout its range found that a population from
Valle del Cauca, Colombia, averaged 2.7% distance from other
populations including those from Brazil; however, relationships
between other D. saccharalis populations were difficult to resolve,
perhaps due to the small sample sizes for many populations [29]. A
sequence divergence of 2–3% can indicate the presence of another
insect species, depending on the insect group in question [30].
Obtaining robust samples sizes of populations of D. saccharalis
from Central America, the Caribbean and the southern United
States could contribute to a more comprehensive analysis of
geographic population structure, to explore if D. saccharalis
consists of a species complex or is indeed one widespread
polyphagous species.
In the southern United States, more than one genotype of D.
saccharalis may have been introduced from different areas of this
species range. The insect became a pest in Texas, Louisiana and
Florida during different decades over the course of nearly a
century. Classical biological control programs which released
exotic natural enemies for control of D. saccharalis were
conducted in the southern US and different parasitoid species
established in Texas, Louisiana, and Florida [14,16,31], suggesting
that the moth genotype could vary among the three regions. The
parasitoid fly, Lixophaga diatraea Townsend (Diptera: Tachini-
dae), established in Louisiana but not in Texas or Florida. While
the parasitoid wasp, Cotesia flavipes Cameron (Hymenoptera:
Braconidae) failed to establish in Louisiana, it took hold in Texas
and Florida [14,31,32]. However, many factors contribute to the
establishment of natural enemies introduced for classical biological
control, including variation in climate or cultivation practices, as
well as genetic variation in populations of the pest or its natural
enemies [23,24,31].
The objective of this study was to investigate the geographic
population structure of D. saccharalis in the southern United
States, to determine whether these regional populations of D.
saccharalis are genetically distinct, possibly representing indepen-
dent introductions and/or cryptic species. We investigated this
question by collecting D. saccharalis in Texas, Louisiana and
Florida and by examining their population structure using
amplified fragment length polymorphisms (AFLPs). In addition,
a 658 base pair region of the mitochondrial DNA COI gene was
sequenced from several individuals from each southern United
States population. The mitochondrial COI sequences were
compared to publicly available COI sequences for D. saccharalis,
to investigate potential source populations for those established in
the southern US, as well as to estimate the number of potential
cryptic species which may exist within this species.
Table 1. Collection localities for D. saccharalis.
Collection Location
Latitude/Longitude
Coordinates
Number and
Stage Collected
GenBank accession number or
(BOLD) sequence ID number
Specimen name in Table 2,
Figure 3
Santa Rosa S. Texas 26u15924.260N, 97u49929.990W 2 adult males Males trapped with live female
lures. GenBank accessions:
KM288999, KM289000
US TxS 1 KM288999, US TxS 2
KM289000
Beaumont E. Texas 30u4947.990N, 94u17940.340W 2 adult males Larvae collected on sugarcane,
reared to adult. GenBank
accessions: KM289001, KM289002
US TxE 1 KM289001, US TxE 2
KM289002
Burns Pt. Louisiana 29u439460N 91u269320W 1 adult male Larvae collected on sugarcane,
reared to adult. GenBank KM289003
US La1 KM289003
Ivanhoe Louisiana 29u479350N 91u429240W 1 adult male Larvae collected on sugarcane,
reared to adult. GenBank KM289004
US La2 KM289004
Belle Glade Florida 26u4097.200N, 80u37957.630W 2 adult males Males trapped with live female
lures. GenBank: KM289005,
KM289006
US Fla1 KM289005, US Fla2
KM289006
Brazos Bend State
Park Texas
29u22951.60N 95u35943.430W 3 adults Bar Code of Life Database (BOLD#)
BBLOC1560-11.COI-5P, BBLOC1565-
11.COI-5P, BBLOD166-11.COI-5P
Tex166, Tex1560, Tex1565
Mexico No coordinates 7 adults GenBank accessions: JQ888360.1,
JQ888359.1, JQ888358.1, JQ888357.1,
JQ888356.1, JQ888355.1, JQ888354.1
Mex54–Mex60
Brazil No coordinates 11 individuals
(life stage not
noted)
GenBank accessions: JN108986.1,
JN108985.1, JN108984.1,
JN108983.1, JN108982.1,
JN108981.1, JN108980.1, JN108979.1,
JN108978.1, JN108977.1, JN108976.1
Braz76–Braz86
Entre Rios Argentina 31u5297.680S 58u12930.240W 3 adults Bar Code of Life Database
MOTAR008-12.COI-5P, MOTAR077-12.COI-
5P, MOTAR091-12.COI-5P
Arg008, Arg077, Arg091
Santa Cruz Bolivia 17u31934.680S 63 39947.160W 1 adult Bar Code of Life Database
IBLPY260-12.COI-5P
Boliv260
Santa Cruz Bolivia 17u29956.760S 63u39990W 1 adult Bar Code of Life Database
IBLPY275-12.COI-5P
Boliv275
Collections include individual D. saccharalis sequenced in this study from the southern United States, and accession numbers for COI sequences of D. saccharalis
obtained from GenBank and BOLD. From our collections, the bar code was sequenced from 8 individuals (2 each from the four geographic regions in the southern
United States-S. Texas, E. Texas, Louisiana, and Florida), and an additional 26 sequences were obtained from GenBank and BOLD.
doi:10.1371/journal.pone.0110036.t001
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Methods
Insect collections
Diatraea saccharalis from Texas, Louisiana and Florida were
field collected as larvae or adults during 2009–2010. No specific
permissions were required for collecting insects in any of these
locations, and the field studies did not involve any endangered or
protected species. In Louisiana, D. saccharalis larvae were
collected on sugarcane plants. We first identified sugarcane plants
with larval feeding damage (holes in plant stems with larval frass)
and then removed larvae from plants, placed them on artificial diet
(Southland Products, Lake Village Arkansas) in 60 ml plastic cups,
and transported them to the laboratory to rear them into adults.
Field collections in Louisiana were made in June and September
2009 at field sites within 200 km of the United States Department
of Agriculture (USDA) Agricultural Research Service (ARS)
Sugarcane Research laboratory in Houma, Louisiana (Table 1).
Larvae were reared individually on artificial diet at room
temperature in the laboratory (25uC62uC, 50% RH) until adult
moths or parasitoids emerged [33]. Adult moths or parasitoids
were then placed into individual vials and stored at 280uC for
subsequent DNA studies. In eastern Texas, the collection site was
at Beaumont, Texas within the Texas A&M Agrilife Research
Center (Table 1). Diatraea saccharalis larvae from eastern Texas
were field collected from Saccharum spp. (high fiber .20%,
known as ‘energy cane’) throughout the growing season in 2009
and were similarly fed artificial diet until they became adults. In
southern Texas, D. saccharalis larvae were rare on sugarcane
plants. For this reason, live adult female D. saccharalis were used
as lures to attract and trap adult males in July, August and
September 2010 near a sugarcane mill in Santa Rosa, Texas
(Table 1). Adult males were trapped on sticky cards, removed the
following day, stored in 90% ethanol and were later frozen for
DNA analyses. In Florida, adult male D. saccharalis moths were
also collected using live adult females as lures. Florida samples
were collected in August 2009 within the University of Florida
Everglades Research and Education Center in Belle Glade,
Florida (Table 1). Female D. saccharalis used as lures in Texas
and Florida originated from a laboratory colony at the USDA
ARS Sugarcane Research Laboratory unit in Houma, Louisiana.
All adult moths were placed into 1.5 ml micro centrifuge tubes
and stored at 280uC until used for DNA extraction.
DNA extractions
Moths were identified as male or female D. saccharalis by
examining genitalia. Only adult males were used for DNA
comparisons. We used only one sex of moths (males) to ensure
that any genetic differences we observed were not due to genetic
differences which might exist between males and females. In
addition, we used males rather than females since only males were
attracted to the females in traps at the southern Texas and Florida
sampling sites. The thorax of each male moth was removed and
used for DNA extraction, while the abdomens were saved as
vouchers and later used to prepare slides of the moth genitalia for
species confirmation [1,27,34]. The Qiagen DNeasy Blood and
Tissue kit (Valencia, California, USA) was used for DNA
extraction, following the protocols suggested for animal tissue
and using a 1 hour incubation with proteinase K at 65uC [35]. A
Nanodrop 1000 spectrophotometer (Thermo Scientific, Pitts-
burgh, PA, USA) was used to measure the DNA concentration
in ng/ml and purity (260/280 ratio). An Eppendorf Vacufuge was
used to concentrate samples as needed in order to standardize the
DNA concentration for all samples at 100620 ng/ml prior to
developing amplified fragment length polymorphisms (AFLPs).
Amplified fragment length polymorphisms (AFLPs)
Amplified fragment length polymorphisms (AFLPs) were
developed to compare the D. saccharalis collected from the
regions described above in Texas, Louisiana, and Florida [36].
The specific protocol used is described in detail in Joyce et al. [37]
and is condensed here. DNA from males collected from the four
geographic regions was randomized on two 96-well plates for
AFLP reactions. Each restriction/ligation reaction (well) consisted
of the following: 0.05 ml each of EcoRI and MseI, 1.1 ml of T4
DNA ligase buffer, 1.1 ml of 0.5 M NaCl, 0.55 ml of diluted BSA
(bovine serum albumin), 0.03 ml of T4 DNA ligase, 1.0 ml each of
EcoRI and MseI adaptor pairs (Life Technologies, Carlsbad, Cal.,
USA), and 0.61 ml of sterile distilled water. Restriction/ligation
reactions were held at room temperature overnight (ca. 12 h at
25uC) to ensure complete digestion [38]. The amplified product
was diluted 20-fold using 15 mM Tris-HCl buffer (pH 8.0)
containing 0.1 mM EDTA. Pre-selective PCR amplification was
performed on an Applied Biosystems thermocycler (GeneAmp
PCR System 9700). Each reaction contained 15 ml of AFLP Pre-
selective Mix (Life Technologies, Carlsbad, Cal.), 1 ml of each
amplification primer [i.e., EcoRI and MseI (Life Technologies,
Carlsbad, Cal.)], along with 4 ml of the diluted restriction/ligation
mixture. The PCR program for pre-selective amplification
consisted of an initial warm-up of 95uC for 1 min followed by
20 cycles at 95uC for 20 s, 56uC for 30 s, and 72uC for 90 s with a
final hold at 75uC for 5 min. The amplified product was diluted
20-fold using 15 mM Tris-HCl buffer (pH 8.0) containing
0.1 mM EDTA. Selective amplification was conducted using
two primer combinations. For each selective amplification, a
reaction consisted of 15 ml of AFLP Platinum Supermix, 1.0 ml of
EcoRI selective primer, and 1.0 ml of MseI selective primer. Two
selective primer combinations were used (1) M-CAT/E-ACT, and
(2) M-CAC/E-ACG (Life Technologies, Carlsbad, Cal.). The
PCR program for selective amplification consisted of an initial
warm-up of 95uC for 1 min, 12 cycles of 95uC for 20 s, 65uC for
40 s with a lowering of 0.7uC per cycle, 72uC for 90 s, followed by
35 cycles of 95uC for 20 s, 56uC for 40 s, 72uC for 90 s, and a final
hold of 72uC for 7 min before storing the samples at 4uC. Prior to
capillary electrophoresis, 9 ml of HiDiH formamide and 0.5 ml of
the Genescan 400HD ROX size standard (Life Technologies,
Carlsbad, Cal.) were added to 1 ml of the final product of each
sample. Sample fragments were separated using automated
capillary electrophoresis by an ABI 3100 automated capillary
DNA sequencer.
GeneMapper version 4.0 (Life Technologies, Carlsbad, Cal.)
was used to determine presence or absence of fragments. Peaks
were examined by eye to ensure the peak detection threshold was
at least 1.5 times higher than the mean background level. The
peak detection threshold was set for each primer combination, and
was typically 100 luminescent units. Each AFLP marker was
considered a locus and assumed to have two possible alleles
(0 = absent, 1 = present). Bands not present in more than one
individual were eliminated (i.e., private alleles) prior to further
analyses, as they were not considered informative. The SESim
method [39] was used to determine the number of individuals and
markers needed in order to adequately represent the genetic
variation of the populations sampled in this study. A SESim value
,0.05 indicates consistency in the clustering pattern produced by
a specific combination of markers and individuals for the studied
organism at the geographic scale considered [39]. Structure 2.2
software [40] was used to group individuals with similar genotypes
within each species. Structure 2.2 uses a Bayesian algorithm to
cluster individuals into K, which is defined as the number of
genetically distinct populations in a data set. Parameters used for
Geographic Population Structure of D. saccharalis
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this analysis include the following: no a priori assignment of
individuals to a known population, analysis for diploid insects, a
burn-in of 10 000 iterations, an admixture model, and indepen-
dent loci. The number of potential populations for K was
estimated as the number of geographic sampling locations (4) plus
4 (K = 8) as suggested by Pritchard et al. [41], and each iteration
was run 20 times. At the completion of Structure 2.2 runs, DK was
calculated for each species using the method of Evanno et al. [42],
to determine the most likely number of population clusters (K) for
each species.
Mitochondrial DNA cytochrome oxidase I (COI)
A 658 base pair region (the ‘bar code’) of the mitochondrial
COI gene region was sequenced from two individuals from each of
the four geographic regions sampled in this study from the
southern US. The purpose was to compare the COI sequences of
our samples with those available for D. saccharalis available in
GenBank and the Bar Code of Life Data System (BOLD)
databases [43], to determine if our sampled populations in the
southern US may be genetically similar to any individual D.
saccharalis included in those databases, and to determine the
number of genetically divergent lineages for the sequences
available for D. saccharalis. The DNA used for sequencing COI
was extracted from male D. saccharalis as described above using
the Qiagen DNeasy Blood and Tissue kit (see DNA extraction).
The barcode region of the COI gene was amplified using
primers for the mitochondrial DNA ‘bar code’ of Lepidoptera
described in Hajibabaei et al. [44]. The sequence of the forward
primer LepF was 5_-ATTCAACCAATCATAAAGATATTGG-
3 and the reverse primer sequence of LepR was 5_-
TAAACTTCTGGATGTCCAAAAAATCA-3 (Life Technolo-
gies, Carlsbad, Cal.). The touchdown PCR program consisted of
an initial 2 minutes at 95uC, then 12 cycles of 95uC for 10 sec, 58–
46uC for 10 sec with a lowering of 1uC temperature each cycle,
and 72uC for 60 seconds. Following PCR, samples were cleaned
up using a USB Exo-sap-it (Affymetrix, Inc., Santa Clara, Cal.)
PCR cleanup kit. Sequencing was carried out using the Big Dye
Terminator v3.1 Cycle Sequencing Kit (Life Technologies,
Carlsbad, Cal.) followed by fractionation on an ABI 3730XL
Genetic Analyzer.
DNA sequences were edited using Geneious 7.0 (Biomatters,
Aukland, New Zealand). The forward and reverse sequences for
each individual were assembled into a consensus sequence. We
aligned our consensus sequences from D. saccharalis collected in
the southern United States with 26 other D. saccharalis obtained
from GenBank and BOLD (Table 1). Alignments were made in
Geneious 7.0 using the Clustal W alignment function, and
Tamura-Nei genetic distances were calculated and used to
produce a neighbor joining tree using midpoint rooting. Bootstrap
support values were obtained by 500 pseudoreplicates of the
aligned dataset.
Results
Morphological identification of D. saccharalis
All the adult male moths from the four geographic areas
sampled (southern Texas, eastern Texas, Louisiana and Florida)
were identified to Diatraea saccharalis, based on the morphology
of the male genitalia [1](Figure 1).
AFLPS
A total of 79 D. saccharalis male adults (18 from southern
Texas, 13 from eastern Texas, 27 from Louisiana, and 21 from
Florida) and two primer combinations (M-CAT/E-ACT; M-
CAC/E-ACG) were used to obtain 96 AFLP markers. This
number of individuals and markers were found to be sufficient in
order to adequately represent population genetic structure of this
insect in the sampled regions [39]. Structure 2.2 analyses clearly
depict two genetically distinct clusters of D. saccharalis present in
the southern United States (Figure 2). The presence of two distinct
clusters was confirmed using the DK statistic of Evanno et al. [42].
Diatraea saccharalis from southern Texas, eastern Texas and
Louisiana grouped together, whereas individuals from Florida
belong to a genetically distinct cluster. Our data show no evidence
of interbreeding or migration between the two genetic clusters,
suggesting that the Florida population of D. saccharalis is a distinct
genotype and possibly a cryptic species. Of the 96 alleles produced
by the AFLP reactions, 24 were present only in Texas and
Louisiana, while 14 alleles were unique to the Florida population.
Mitochondrial DNA COI barcode sequences
A neighbor joining tree based on the 658 base pair barcoding
region of the COI mitochondrial gene shows the presence of three
genetically distinct clusters of D. saccharalis in the Western
Hemisphere (Figure 3). The neighbor joining tree was generated
using the COI sequences of two individuals of D. saccharalis from
each of the four geographic regions sampled in the southern
United States in this study and also using D. saccharalis sequences
obtained from GenBank and BOLD. Sequences from these
databases represent D. saccharalis from throughout the Western
Hemisphere and were included to produce a more informative
tree (Table 1). Diatraea saccharalis from Florida grouped together
within a distinct cluster. A second cluster consists of individuals
from Texas and Louisiana collected in this study, as well as D.
saccharalis from Texas and Mexico obtained from GenBank and
BOLD. The third cluster in the neighbor joining tree consists of D.
saccharalis from South America, specifically from Bolivia,
Argentina and Brazil, obtained from GenBank and BOLD
(Table 1, Figure 3).
The genetically divergent cluster of D. saccharalis from Florida
is supported by both the AFLP data (Figure 2) and the COI data
(Figure 3). Pairwise genetic distances of D. saccharalis COI
sequences from Florida compared to Texas and Louisiana ranged
from 2.8 to 3.4% (Table 2). Similarly, pairwise genetic distances
between Florida and Mexico and between Florida and South
America ranged between 2.7 and 3.0%. In contrast, pairwise
genetic distances between southern and eastern Texas individuals
were low (0–2%). Individuals from Texas and Louisiana show
moderate genetic distances (1.5–2.3%) as do those between
Mexico and Texas (1.7 to 1.8%). Texas populations clustered
together with D. saccharalis from Louisiana in the AFLP analysis,
demonstrating interbreeding and gene flow with those popula-
tions. Diatraea saccharalis from South America grouped within a
separate cluster. Genetic distances among South American
samples ranged from 1–1.2%, while pairwise genetic distances
between South American and North American D. saccharalis
ranged from 2.5 to 3.2%.
Discussion and Conclusions
Diatraea saccharalis has been considered one species in the
southern US and throughout the Western Hemisphere for several
centuries. This moth is nocturnal, has few distinctive visual
markings, and is geographically widespread. Insects with these
characteristics are prone to be part of cryptic species complexes
[45]. The adults collected in this study were all identified to D.
saccharalis based on the morphology of the adult male genitalia
Geographic Population Structure of D. saccharalis
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[1]. However, significant genetic divergence between lineages
suggests the presence of a cryptic species complex.
We used two molecular markers (AFLP and COI sequences) to
examine variation in the population structure of D. saccharalis in
the southern United States. Both AFLP and COI markers
characterized a genetically distinct cluster of D. saccharalis from
Florida. Mitochondrial DNA generated genetic distances between
Florida and other D. saccharalis populations in the range of 2.5–
3%. This degree of genetic divergence suggests that Florida D.
saccharalis could represent a distinct species [30,46]. The Florida
D. saccharalis population could belong to a lineage that includes
Caribbean populations from the Greater Antilles, such as Cuba,
Puerto Rico, Hispaniola, and Jamaica, islands which are thought
to be of a relatively similar geologic age [47]. Based on the data
from this study and other public sequences, the Florida population
does not appear to have been introduced into the southern United
States from Mexico or South America. Comparisons between
Florida and Caribbean populations would shed light on the origin
of Florida D. saccharalis populations. The Louisiana and Texas
populations of D. saccharalis group together in the same cluster as
those from Mexico, suggesting they may have been introduced
from Mexico perhaps through other introductions of sugarcane
host plant material or within storms cells. Avequin [11] suggested
D. saccharalis in Louisiana originated from the introduction of
sugarcane in Louisiana from Hispaniola (Haiti/Dominican
Republic) in 1751. However, D. saccharalis was not recorded as
a pest in Louisiana until 1855. In the early 1800s, additional
sugarcane varieties were introduced into Louisiana [11], and these
could have been a source for the D. saccharalis introduced into
Louisiana.
The mitochondrial COI data provide evidence for at least three
distinct lineages in the Western Hemisphere: A Florida lineage, a
lineage including Texas, Louisiana and Mexico, and a third
lineage from South America that includes Brazil, Argentina, and
Bolivia. A fourth divergent group of D. saccharalis in Colombia is
suggested by Palacio-Cortes et al. [29]. Finally, populations of D.
saccharalis from the Caribbean could comprise an additional
lineage or could group together with the Florida cluster. Genetic
distances among the three lineages of D. saccharalis depicted in
Fig. 3 fall within a range of 0.025–0.03, nearly ten times higher
than the genetic distance values observed within any one of the
three lineages, a level of difference which suggests the lineages are
distinct species [30,48]. Previous work by Pashley et al. [21] found
that populations of D. saccharalis from Louisiana and Texas are
genetically divergent from those in Brazil [21], and likely consist of
two distinct species. Our study, the work of Pashley et al. [21], and
sequences from South America in GenBank and BOLD all
support the existence of at least three divergent lineages.
In the last decade, DNA barcoding has provided a method to
assess genetic diversity within and among species. Intraspecific
genetic diversity of mitochondrial COI in Plutella xylostella (L.),
the diamond back moth, averaged ,1%, which fell within the
range of expected intraspecific variation [49]. In contrast,
interspecific variation in COI sequences among Choristoneura
(Lepidoptera: Tortricidae) species ranged from 1–2% [46]. In
several cases, insects with broad geographic distributions have
been found to belong to cryptic species complexes
[22,30,50,51,52,53]. In the case of the butterfly Astraptes
fulgerator (Walch)(Lepidoptera: Hesperiidae) [30], genetically
divergent lineages parallel observed variation in larval coloration
and host plant preferences. In this species complex, interspecific
genetic divergence among ten taxa was ,2.97%, while within
species genetic divergence was typically less than 1% [30]. Adult
A. fulgerator from all the studied populations had identical
genitalia and adults provided little indication of divergent lineages
until genetic variation was explored within the group. The 2–3%
divergence we have found among the D. saccharalis lineages we
have identified suggests they are distinct species. The three
lineages we have identified are geographically structured (i.e.,
Figure 1. Male genitalia of Diatraea saccharalis. Adult male
collected in Avoyelles, Louisiana from sugarcane by R T Richard. Adult
is deposited in the National Museum of Natural History, Smithsonian
Institute, Washington DC (USNM Slide #112, 735). Terminology is from
Dyar and Heinrich (1927), an = anellus, chl = basal projection lobe from
costa of harpe, cn = cornatus (or cornuti) of penis, gn = gnathos,
j = juxta, ll = lateral lobe of tegumen, t = tegumen, u= uncus, v = vincu-
lum. Photo edited by M Metz and M A Solis.
doi:10.1371/journal.pone.0110036.g001
Figure 2. Structure 2.2 analysis depicts two genetically distinct clusters of D. saccharalis. Individuals from southern Texas (S. Texas), eastern
Texas (E. Texas) and Louisiana grouped together within the red cluster, while individuals from Florida grouped within the green cluster. The y-axis
shows the probability of each individual to belong to a genetically distinct cluster. The number of individuals from each region used for the analysis is
represented by ‘n’.
doi:10.1371/journal.pone.0110036.g002
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Florida; Texas/Louisiana/Mexico; South America). To be robust,
defining species limits should include multiple lines of evidence.
Such an approach is referred to as integrative taxonomy [54,55]
and should include morphological, behavioral, molecular and
geographic data [56]. Thus, although our data strongly suggests
the existence of a D. saccharalis cryptic species complex, further
lines of evidence would provide additional support of this
assertion.
We originally suspected the existence of more than one
genotype of D. saccharalis in the southern US due to the
differential success of natural enemies which had been introduced
into the region. We suspected Louisiana D. saccharalis populations
would be divergent from Texas and/or Florida populations.
However, our data show that Louisiana and Texas belong to the
same genetic cluster while Florida constitutes a divergent
genotype. Our data suggest that the difference in establishment
of parasitoids of D. saccharalis in Texas or Louisiana is unlikely to
be due to difference in D. saccharalis genotypes, but could be
influenced by climatic differences or cultural practices which vary
through the southern US. For example, in Louisiana, sugarcane
fields are harvested in the fall, leaving little vegetation for
parasitoids to overwinter, which could reduce parasitoid estab-
lishment. In contrast, sugarcane is grown year round in Texas and
Florida [31].
We used live female D. saccharalis from Louisiana as a lure to
attract and trap Florida D. saccharalis male moths, yet we found
that Louisiana moths are genetically divergent from the Florida
moths. Moths from Louisiana and Florida are genetically distinct,
yet the pheromones from Louisiana females were effective at
attracting Florida males. Although we observed genetic diversity in
D. saccharalis collections between the two genetically distinct
clusters, trapping adults does not allow us to associate the
individuals we collected with particular host plants. In order to
determine if host plant associated strains exist for D. saccharalis,
one would need to collect larvae from multiple host plants and
examine the genetic differences among the host plant associated
populations. Pheromones can cross-attract between species,
especially if populations evolved in allopatry, where there is no
Figure 3. Neighbor joining phylogram of D. saccharalis populations. The phylogram is based on a neighbor joining analysis of 658 bp of the
COI barcode region. Bootstrap support values are based on 500 pseudoreplicates, and those above 80% are shown below supported nodes.
Individuals collected as part of this study are shown in color: Florida in green; Texas/Louisiana in red. Individuals shown in black were obtained from
GenBank and BOLD databases. See Table 1 for specimen details.
doi:10.1371/journal.pone.0110036.g003
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selective pressure for signal divergence [57,58].The pheromone
blends of Brazilian D. saccharalis have been investigated, and
variation exists among populations; unfortunately, relative attrac-
tion of these blends to different D. saccharalis populations has not
yet been tested [29,59].
The potential cryptic lineages of D. saccharalis we have
identified in this study deserve further attention. This insect is
considered a major pest throughout the Western Hemisphere and
has been easily confused with other species of Diatraea based on
morphology. Genetically distinct lineages may differ in their
damage potential and/or in their vulnerability to pest control
strategies such as biological control. The ability to characterize
and identify genotypes of D. saccharalis and related species or as of
yet undiscovered species will improve pest management efforts
against this pest and improve area-wide control efforts across its
geographic distribution. Additional research on the population
genetics of D. saccharalis in Central America and the Caribbean
will further our understanding of its geographic population
structure and clarify the composition of this potential cryptic
species complex.
Acknowledgments
We would like to thank the following people for assistance with insect
collections: Randy Richard and Elta Duet of USDA-ARS, Houma
Louisiana; Jenita Thinakaran of Texas A&M University; Mamoudou
Setamou and Robert Saldan˜a of Texas A&M Kingsville Citrus Research
Center; and Nicholas Larsen of University of Florida, Everglades Research
and Education Center at Belle Glade. Rachel Laca assisted with various
aspects of the project and helped produce preliminary AFLPs for the study.
Steven Reyna assisted with Structure analyses. Mark Metz, SEL, USDA-
ARS, provided technical support to Alma Solis, including the image in
Figure 1. Aaron Dickey and Apurba Barman provided much appreciated
comments on an earlier version of the paper.
Author Contributions
Conceived and designed the experiments: AJ RM WW. Performed the
experiments: AJ WW GN ML. Analyzed the data: AJ RM WW GN ML
SS MAS. Contributed reagents/materials/analysis tools: AJ RM WW GN
SS MAS. Wrote the paper: AJ RM.
References
1. Dyar HG, Heinrich C (1927) The American moths of the genus Diatraea and
allies. Proceedings United States National Museum 71: 1–48.
2. Box HE (1931) The crambine genera Diatraea and Xanthopherne (Lep.
Pyralidae). Bull Entomol Res 22: 1–50.
3. CAB International (1989) Distribution maps of plant pests, Diatraea saccharalis.
Series A Agricultural Map 5 (revised). London: CABI.
4. Box HE (1935) The food plants of the American Diatraea species. Port-of-
Spain,Trinidad: Government Printing Office. 1–11.
5. Box HE (1951) New species and records of Diatraea Guild from northern
Venezuela (Lepid:Pyral.). Bull Entomol Res 42:379–398.
6. White WH, Miller JD, Milligan SB, Burner DM, Legendre BL (2001)
Inheritance of sugarcane borer resistance in sugar cane derived from two
measures of insect damage. Crop Sci 41: 1706–1710.
7. Vargas G, Lastra LA, Solis MA (2013) First record of Diatraea tabernella
(Lepidoptera: Crambidae) in the Cauca river Valley of Colombia. Flor Entomol
96: 1198–1201.
8. Bessin RT, Reagan TE (1990) Fecundity of sugarcane borer (Lepidoptera:
Pyralidae), as affected by larval development on Gramineous host plants.
Environ Entomol 19: 635–639.
9. Cherry RH, Nuessly GS (1993) Insect management in sugarcane. Florida: Univ
Florida IFAS Extension.
10. Avequin JB (1857a) Des ennemis de la canne a´ sucre ou les insects qui attaquent
la canne a´ sucre dans les Antilles et en Louisiane. Journal de pharmacie et de
chemie 32: 335–337.
11. Avequin JB (1857b) Notice historique sur l’introduction de la canne sucre a´ la
Louisiane. Journal de pharmacie et de chemie 32: 338–344.
12. Gifford JR, Mann GA (1967) Biology, rearing and a trial release of Apanteles
flavipes in the Florida everglades to control the sugarcane borer. J Econ
Entomol 60: 44–47.
13. Fuchs TW, Huffman FR, Smith JW (1979) Introduction and establishment of
Apanteles flavipes on Diatraea saccharalis (Lepidoptera: Pyralidae) in Texas.
Entomophaga 24: 109–114.
14. Bennett FD, Smith JW, Browning HW (1990) Classical biological control in the
southern United States. Gainesville: Institute of Food and Agricultural Sciences.
Ser 355.
15. Meagher RL, Smith JW, Browning HW, Saldana RR (1998) Sugarcane
stemborers and their parasites in southern Texas. Environ Entomol 27: 759–
766.
16. Long WH, Hensley SD (1972) Insect pests of sugarcane. Ann Rev Entomol 17:
149–76.
17. Flynn JL, Reagan TE, Ogunwolu EO (1984) Establishment and damage of the
sugarcane borer (Lepidoptera: Pyralidae) in corn as influenced by plant
development. J Econ Entomol 77: 691–697.
18. Fuller BW, Reagan TE, Flynn JL (1988) Economic injury level of the sugarcane
borer (Lepidoptera: Pyralidae) on sweet sorghum, Sorghum bicolor (L.) Moench.
J Econ Entomol 81: 349–353.
19. Rodriguez LM, Reagan TE, Ottea JA (2001) Susceptibility of Diatraea
saccharalis (Lepidoptera: Crambidae) to Tebufenozide. J Econ Entomol 94:
1464–1470.
20. White WH, Viator RP, Dufrene EO, Dalley CD, Richard EP Jr, Tew TL (2008)
Re-evaluation of sugarcane borer (Lepidoptera: Crambidae) bioeconomics in
Louisiana. Crop Protection 27: 1256–1261.
21. Pashley DP, Hardy TN, Hammond AM, Mihm JA (1990) Genetic evidence for
sibling species within the sugarcane borer (Lepidoptera: Pyralidae). Ann
Entomol Soc Amer 83: 1048–1053.
22. Burns JM, Janzen DH, Hajibabaeis M, Hallwachs W, Heberts PDN (2008)
DNA barcodes and cryptic species of skipper butterflies in the genus Perichares
in Area de Conservacion Guanacaste, Costa Rica. PNAS 105: 6350–6355.
23. Hufbauer RA, Via S (1999) Evolution of an aphid-parasitoid interaction:
Variation in resistance to parasitism among aphid populations specialized on
different plants. Evolution 53: 1435–1445.
24. Goolsby JA, De Barro PJ, Makinson JR, Pemberton RW, Hartley DM, et al.
(2006) Matching the origin of an invasive weed for selection of an herbivore
haplotype for a biological control programme. Mol Ecol 15: 287–97.
25. Bleszynski S (1969) The taxonomy of crambinae moth borers of sugarcane. In:
Williams JR, Metcalf JR, Mungomery RW, Mathes R, editors. Pest of
sugarcane. New York: Elsevier. 11–59.
26. Lange CL, Scott KD, Graham GC, Sallam MN, Allsopp PG. (2004) Sugarcane
moth borrers (Lepidoptera: Noctuidae and Pyraloidea): phylogenetics construct-
ed using COII and 16S mitochondrial partial gene sequences. Bull Entomol Res
94: 457–464.
27. Solis MA (2004) Systematics of Mexican stalkboring crambine Pyraloidea In:
Rodrı´guez del Bosque LA, Vejar Cota G, Cortez Mondaca E, editors. Taller
internacional sobre barrenadores del tallo de can˜a de azu´car, Los Mochis,
Sinaloa, Me´xico. Sociedad Mexicana de Control Biologico. 6–22.
28. Bravo JP, Silva JLC, Munhoz RF, Fernandez MA (2008) Dna barcode
information for the sugarcane moth borer Diatraea saccharalis. Genet Mol Res
7: 741–748.
29. Palacio Cortes AM, Zarbin PHG, Takiya DM, Bento JMS, Guidolin AS, et al.
(2010) Geographic variation of sex pheromone and mitochondrial DNA in
Diatraea saccharalis (Fab.,1794) (Lepidoptera: Crambidae). J Insect Physiol 56:
1624–1630.
30. Hebert PDN, Penton EH, Burns JM, Janzen DH, Hallwachs W (2004) Ten
species in one: DNA barcoding reveals cryptic species in the neotropical skipper
butterfly Astraptes fulgerator. PNAS 101: 14812–14817.
31. White WH, Reagan TE, Smith JW, Salazar JA (2004) Refuge releases of Cotesia
flavipes (Hymenoptera: Braconidae) into Louisiana sugarcane ecosystem.
Environ Entomol 33: 627–632.
32. Hall DG (1988) Insects and mites associated with sugarcane in Florida. Fla
Entomol 71: 138–50.
33. Martinez AJ, Bard J, Holler TA (1988) Mass rearing sugarcane borer and
Mexican rice borer for production of parasites Allorhogas pyralophagus and
Rhaconotus roslinensis. USDA-APHIS-PPQ, APHIS. 83-1.
34. Robinson GS (1976) The preparation of slides of Lepidoptera genitalia with
special reference to the microlepidoptera. Entomologists Gazette 27: 127–133.
35. Qiagen (2006) DNeasy Tissue Handbook. Qiagen, Valencia, CA, USA.
36. Vos P, Hogers R, Bleeker M, Reijans M, Van de Lee T, et al. (1995) AFLP: A
new technique for DNA fingerprinting. Nucleic Acids Res 23: 4407–414.
37. Joyce AL, Bernal JS, Vinson SB, Hunt RE, Schulthess F, et al. (2010)
Geographic variation in male courtship acoustics and reproductive isolation of
populations of Cotesia sesamiae (Hymenoptera: Braconidae) and Cotesia flavipes.
Entomol Exper Appl 137: 153–164.
38. Saunders J, Mischke S, Hemeida AA (2001) The use of AFLP techniques for
DNA fingerprinting in plants. A-1910A. Beckman Coulter Application Notes.
pp. 1–9.
Geographic Population Structure of D. saccharalis
PLOS ONE | www.plosone.org 9 October 2014 | Volume 9 | Issue 10 | e110036
39. Medina RF, Barbosa P, Christman M, Battisti A (2006) Number of individuals
and molecular markers to use in genetic differentiation studies. Mol Ecol Notes
6: 1010–1013.
40. Pritchard JK, Wen X, Falush D (2007) Documentation for structure software:
Version 2.2. Chicago.
41. Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure
using multilocus genotype data. Genetics 155: 945–950.
42. Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of
individuals using the software STRUCTURE: A simulation study. Mol Ecol 14:
2611–620.
43. Milton M, Pierossi P, Ratnasignham S (2013) Bar code of life datasystems
handbook v.3.6. Guelph, Ontario, Canada: Bold Systems, Biodiversity Institute
of Ontario. Boldsystems.org website. Available: http://www.boldsystems.org/
index.php/resources Accessed 2014 Sept 26.
44. Hajibabaei M, Janzen DH, Burns JM, Hallwachs W, Hebert PDN (2006) DNA
barcodes distinguish species of tropical Lepidoptera. PNAS 103: 968–971.
45. Walter GH (2003) Understanding species: good taxonomy, sexual species and
pest management. Insect Pest Management and Ecological Research. Cam-
bridge University Press. 115–168.
46. Sperling FA, Hickey DA (1994) Mitochondrial DNA sequence variation in the
spruce budworm species complex (Choristoneura: Lepidoptera). Mol Biol Evol
11: 656–665.
47. Pindell JL, Barrett SF (1990) Geologic evolution of the Caribbean; a plate-
tectonics perspective. In: Dengo G, Case JE, editors. The geology of North
America. vol. H, The Caribbean region. Boulder: The Geological Society of
America. 405–432.
48. Nagoshi RN, Brambila J, Meagher RL (2011) Use of DNA barcodes to identify
invasive armyworm Spodoptera species in Florida. J Insect Sci 11: 154 doi:
10.1673/031.011.15401.
49. Li J, Zhao F, Choi YS, Kim I, Sohn HD, et al. (2006) Genetic variation in the
diamondback moth, Plutella xylostella (Lepidoptera: Yponomeutidae) in China
inferred from mitochondrial COI gene sequence. Eur J Entomol 103: 605–611.
50. Scheffer SJ (2000) Molecular evidence of cryptic species within the Liriomyza
huidobrensis (Diptera: Agromyzidae). J Econ Entomol 93: 1146–1151.
51. Scheffer SJ, Lewis ML (2001) Two nuclear genes confirm mitochondrial
evidence of cryptic species within Liriomyza huidobrensis (Diptera: Agromyzi-
dae). Ann Entomol Soc Am 94: 648–653.
52. Hemmerter S, Slapeta J, van den Hurk AF, Cooper RD, Whelan PI, et al. (2007)
A curious coincidence: mosquito biodiversity and the limits of the Japanese
encephalitis virus in Australasia. BMC Evol Biol 7: 100 doi 10.1186/1471-2148-
7-100.
53. Yang Z, Landry JF, Handfield L, Zhang Y, Solis MA, et al. (2012) DNA
barcoding and morphology reveal three cryptic species of Anania (Lepidoptera:
Crambidae: Pyraustinae) in North America, all distinct from their European
counterpart. Systematic Entomology 37: 686–705.
54. Dayrat B (2005) Towards integrative taxonomy. Biological Journal of the
Linnean Society 85: 407–415.
55. Goldstein PZ, DeSalle R (2010) Integrating DNA barcodes data and taxonomic
practice: determination, discovery, and description. Bioessays 33: 135–147.
56. Roe AD, Sperling FH (2007) Population structure and species boundary
delimitation of cryptic Dioryctria moths: an integrative approach. Mol Ecol 16:
3616–3633.
57. Symonds MRE, Elgar MA (2008) The evolution of pheromone diversity. TREE
23: 220–227.
58. Hartfield EA, Harris MK, Medina RF (2010) Searching for pheromone strains
in the pecan nut casebearer. Entomol Exper Appl 137: 11–18.
59. Kalinova B, Kindl J, Hovorka O, Hoskovec M, Svatos A (2005) (11Z)-hexadec-
11-enal enhances the attractiveness of Diatraea saccharalis main pheromone
component in wind tunnel experiments. J Appl Entomol 129: 70–74.
Geographic Population Structure of D. saccharalis
PLOS ONE | www.plosone.org 10 October 2014 | Volume 9 | Issue 10 | e110036
